Objective: Our primary objective is to verify whether 5-HTR6 is involved in the development of mossy fiber sprouting (MFS), and to determine how the progression of MFS is affected by 5-HTR6. Methods: A total of 90 male adult Sprague-Dawley rats were allocated into either the control group (n=36) or the epileptic group (n=54). Status epilepticus (SE) of rats was induced by the intraperitoneal (i.p.) injection of LiCl-pilocarpine. We conducted our experiments in two stages. The first stage involves equally dividing 36 epileptic rats into three groups with treatments of none, 5-HTR6 antagonist SB-27104 (SB) and vehicle DMSO. Then behavior and electroencephalogram (EEG) of rats were monitored by video-EEG. The second stage involves dividing 126 epileptic rats into seven groups with treatments of none, 10% DMSO, SB (100 µg/kg), Fyn antagonist PP 2 (50 µg/kg), p-ERK1/2 antagonist PD-98059 (30 µg/kg), SB (100 µg/ kg) + PP 2 (50 µg/kg); SB (100 µg/kg) + PD-98059 (30 µg/kg). We also treated 18 rats in the control group of the first stage with 100 µg/kg 5-HTR6 agonist WAY-181187 (WAY). MFS of rats was detected through the approach of Timm's staining. Finally, expressions of 5-HTR6, Fyn, p-ERK1/2 and GAP-3 were qualified and semi-quantified via western blotting or RT-PCR. Results: Induction of SE could stimulate formation of MFS and increased GAP-43 expressions. Expressions of 5-HTR6, Fyn and p-ERK1/2 were also up-regulated with increasing time after establishment of SE models. The development of MFS was remarkably inhibited by SB, PP 2 and PD. Compared to the single antagonist, such an inhibitory effect was enhanced by SB+PD or SB+PP. Moreover, treatment of healthy rats with WAY would contribute to up-regulated Fyn and p-ERK1/2 expressions, as well as development of MFS (P < 0.05). Suppression of Fyn triggered a down-regulating trend of p-ERK1/2 (P < 0.05), however, suppressed p-ERK1/2 did not have such a significant effect on Fyn expression. Conclusion: HTR6 may affect the progression of MFS by activating both p-ERK1/2 and Fyn, which further modulate the expression of GAP-43.
Introduction
Mossy fiber sprouting (MFS) in hippocampus is often observed in patients with temporal lobe epilepsy and its severity is positively correlated to the frequency of recurrent spontaneous seizures (SRSs). Abnormal axon growth and synaptic plasticity resulted from epileptiform discharge are two potential causes of MFS [1, 2] . Besides that, several molecular mechanisms are linked with the progression of MFS, such as GSK-3β/p-GSK-3β and mammalian target of rapamycin (mTOR) signal pathway [3, 4] .
The mTOR pathway therein has been verified to be involved in modifying seizure activity through cooperation with 5-hydroxytryptamine receptor 6 (HTR6) [5] . HTR6 belonged to the serotonin receptor (5-HTR) which coordinated with brain serotonin to suppress the threshold of seizures [6] [7] [8] . Additionally, MFS appeared to be associated with 5-HTR which has been confirmed to facilitate synaptic enhancement [9, 10] . HTR6 was exclusively expressed in the central nervous system (e.g. cerebral cortex, hippocampus, striatum and olfactory tubercle) and it was able to modulate the release of neurotransmitters (e.g. acetylcholine and glutamate) which potentially caused neurological diseases (e.g. depression and anxiety) [11] [12] [13] . Researchers also suggested that HTR6 may exhibit clinical significance for patients with neurological disorders, for instance, HTR6 ligands has been explored as a solution for Alzheimer's disease and the corresponding results have been progressed to phase II trials [14] . Animal experiments also suggested that selective HTR6 antagonists (i.e. SB-399885, SB-271046, SB-258510 and Ro-258510) could improve the threshold of seizures in rats [15] . Generally speaking, HTR6 and seizures were inextricably linked, though in-depth mechanisms were still in a groping stage.
In fact, HTR6 was able to mobilize extracellular signal regulated kinase1/2 (ERK1/2) through interaction with tyrosine kinase Fyn [16] . It was documented that knockout of Fyn within the rat models could trigger increased acquisition of long-term potentiation and contribute to epilepsy kindling [16, 17] . Furthermore, phosphorylated ERK1/2 (p-ERK1/2) also seemed to play a crucial role in synapse reorganization by activating the transcription factor C-fos, which was involved not merely in repairing nerve trauma (e.g. nerve regeneration), but also in promoting axon growth and synaptic plasticity through targeting growth associated protein 43 (GAP-43) [18] [19] [20] [21] . Therefore, we proposed a hypothesis that HTR6 may be able to stimulate epilepsy-induced MFS by activating Fyn, ERK1/2 and GAP-43 [21, 22] .
Above all, the primary objective of our study is to verify whether selective HTR6 antagonist SB-271046 is able to alleviate seizures resulted from pilocarpine-induced chronic epilepsy. Apart from that, we are interested in finding if ERK1/2 or Fyn is involved in the progression of MFS.
Materials and Methods

Inducing Chronic Epilepsy in rats by using Pilocarpine
We put male adult Sprague-Dawley rats (weight: 200-250 g, age: 10-13 weeks old) into a room where temperature (22-26 °C) , humidity (50 ± 5%) and dark/light cycle (12h: 12h) were controlled. All rats in the room had free access to food and water. We conducted our experiments in two stages. The first stage involved randomly allocating 90 rats into the control (n = 36) and status epilepticus (SE) group (n = 54). Subsequently, Then surface electrodes were implanted into the skull of rats that were subject to anesthesia (injection of 10% chloralhydrate). Altogether three electrodes were, respectively, implanted above the frontal cortex [AP 2.5 mm, ML 2.0 mm and DV 0.5 mm], on the surface of the skull as a ground and behind the ear as a reference. Gentamycin was intraperitoneally (i.p.) injected into rats for infection prevention and rats were allowed for a recovery period of one week. Finally, rats were injected with pilocarpine (30 mg/kg, i.p.; Sigma), followed by treatment with lithium chloride (127 mg/kg i.p.; Sigma) for 16-18 h. The activity of induced seizures was evaluated according to the Racine's score [23] . If stage-IV or stage-V seizures were reflected in rats for more than one hour, diazepam (5 mg/kg; i.p.) was used to terminate SE so that these rats can be used for subsequent experiments. The corresponding behavior and electroencephalogram (EEG) of rats were constantly monitored utilizing the EEG monitoring system (BYOPAC system, MP 36, USA). The intraventricular cannulas were bilaterally placed in rats for monitoring their hippocampi. The above monitoring process was carried out for 15 hours per day over a period of four weeks. Spontaneous recurrent seizures (SRSs) were evaluated based on their corresponding frequency (per week) and stage over the chronic epilepsy period [24] .
Drug Intervention
The second stage of the experiment involves randomly dividing 126 rats with induced SE into seven sub-groups (n = 18 for each group). After successful induction of SE for three days, rats were anesthetized through injection of 10% chloralhydrate (300 mg/kg, i.p.), and were then placed in a stereotaxic frame as described by the research reported by Paxinos and Watsonatlas [25] . A small-gauge stainless steel guided cannula was inserted into the lateral ventricle (AP, -1.0 mm, L, +1.5 mm, V, +3.3 mm) of each rat after their skulls were cleaned and disinfected. The seven sub-groups were, respectively, given interventions of none, 10% DMSO, equivalent volumes of 100 µg/kg 5-HTR6 antagonist SB-271046 (SB), 50 µg/kg Fyn antagonist PP 2 (PP 2 ), 30 µg/kg p-ERK1/2 antagonist PD-98059 (PD), 100 µg/kg SB-271046 + 50 µg/kg PP 2 (SB+ PP 2 ) and 100 µg/kg SB-271046 + 30 µg/kg PD-98059(SB+PD). Another 18 healthy rats taken from the control group of the first-stage experiment were intervened with 100 µg/kg 5-HTR6 agonist WAY-181187 (WAY). All the above substances were dissolved in DMSO. The 10% DMSO or other artificial cerebrospinal fluids were given through the cannula once per day at 14:00-16:00 for a period of one week. Injections were implemented at the rate of 1 µl per min with a resting period of 1 min between successive injections. Bucinnazine was given to each rat during the operation for pain relief.
Timm's Staining
Rats that were used in the first stage were sacrificed at different times (1 st , 2 nd , 3 rd and 4 th week after SE operation), whereas rats in the second stage were sacrificed in the 4 th week following the operation of SE. Blinding procedures were strictly followed by individuals who scored the Timm's staining slides for rats in each group. Once deep anesthesia was achieved by using 10% chloralhydrate (300 mg/kg, i.p.), rats were transcardially perfused with 200 ml 0.4% sodium sulfide perfusion medium which was followed by the perfusion of 200 ml 4% paraformaldehyde. Then, the dissected brain of each rat was fixed in 4% paraformaldehyde for one night and transferred into 30% sucrose solution for 48 h. The resulting brain was embedded in frozen tissue medium by using a freezing microtome and tissue sections (30 µm thick) containing the hippocampus were cut on a cryostat. The corresponding sections were immersed in a specific solution which was composed of 60 ml 50% gum arabic, 10 ml citrate buffer (25.5% citric acid and 23.5% sodium citrate), 30 ml 5.67% hydroquinone and 2 ml 17% silver nitrate. The process of immersion was carried out in the dark for 90 min. After the immersed sections were washed, they were dehydrated by using graded ethanol solutions, cleared with xylene and mounted with Permount. Finally, a Leica microscope was used to observe the sections. We calculated the corresponding Timm's score for the CA3 region in the hippocampus based on the following criteria: 1) 0 score if no granules in the stratum pyramidale or stratum oriens were found along the portion of the CA3 sub-region; 2) 1 score when sparse granules were present in discrete bundles; 3) 2 scores when moderate granules were found; 4) 3 scores if prominent granules were observed; 5) 4 scores if prominent granules accompanied with near-continuous distribution were displayed along the entire CA3 region; 6) 5 scores when continuous or near-continuous dense laminar band of granules were observed along the entire CA3 region [26] .
Western Blotting
Rats which were used in the first stage were sacrificed at different times (1, 2, 3 and 4 weeks after SE operation), whereas rats in the second stage were sacrificed in the 4 th week following the operation of SE. Once deep anesthesia was achieved by using 10% chloralhydrate (300 mg/kg, i.p.), rats were transcardially perfused with 200 ml 0.01M Phosphate-buffered saline (PBS). Hippocampal tissues were separated and then were stored in the -80 °C refrigerator for subsequent experiments. Proteins extracted from hippocampal tissues were separated by using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and were transferred to nitrocellulose membranes. Membranes which had been blocked with 5% skim milk for two hours at room temperature were subject to the incubation with primary antibodies against the following proteins: HTR6 (1:1000, Sigma); Fyn (1:800, Sigma); p-ERK1/2 (1:1500, Sigma); ERK1/2 (1:1500, Sigma) and GAPDH (1:1000, Shanghai, China). After that, the resulting membranes were washed by using Tris Buffered Saline Tween (TBST) and were incubated with peroxidase-conjugated secondary antibodies. Specific bands were detected by using an electrochemiluminescence (ECL) system and the intensity of signals was analyzed by using the Image J software.
RT-PCR
Total RNA was isolated from bilateral hippocampal tissues and the expression of GAP-43 was detected. Each sample includes two hippocampi of one rat. The primer sequences of GAP-43 and GAPDH used in this experiment were shown as: GAP-43 (forward: GGCTCATAAGGCTGCAAAT, reverse: CCATCTCCCTCCTTCTCCACA) and GAPDH (forward: ACAGCAACAGGGTGGTGGAC, reverse: TTTGAGGGTGCAGCGAACTT). Total RNA was reversely transcribed into cDNA and amplified by using an Applied Biosystems thermal cycler (Foster City, CA). GAPDH was used as the reference gene. Each sample was measured in three replicates and the mean threshold cycle (Ct) number was evaluated for each sample.
Statistical Analysis
All statistical analyses were performed with SPSS 18.0 software (Illinois, USA). Data were presented as mean ± SD or median (range) calculated from at least three experiments. The two-tailed student's t-test or one-way Analysis of Variance (ANOVA) was used to analyze between-group comparisons. Alternatively, the non-parametric rank tests were conducted to identify differences in Timm's score among various intervention groups. A P-value < 0.05 was considered as significant for all statistical tests. Categorical data were analyzed by using Chi-square test. Multiple comparisons after the hypothesis testing were conducted based on the Fisher's partial least squares difference (LSD) test with the assumption of homogeneous variance, and the Tamhane's method was followed in the case of heterogeneous variance.
Results
Behavioral Changes of Rats with Chronic Epilepsy
SE was triggered in rats approximately 20 minutes after injection of pilocarpine. Then the rats experienced a quiescent phase that continued for 2-7 days. During this period, rats behaved normally, yet with reduced appetite and decreased activity. Their EEG results (Fig. 1A-D) and SRS activities were observed 14-28 days after successful induction of SE. Compared to the SE group, both the frequency (Fig. 1E) and stage of SRSs (Table 1) in the SE+SB group were significantly decreased (P < 0.05).
MFS and GAP-43 mRNA Expressions at Different Time Points after Induction of SE
The brown granules occasionally appeared in the stratum pyramidale or stratum oriens in healthy rats, however, they became increasingly obvious over time after SE operation ( Fig.  2A) . Similarly, MFS score was significantly increased in the SE-2W and SE-4W group when compared with the SE-1W group (P < 0.01), but no significant difference of MFS score was observed between the SE-2W and SE-4W group (Fig. 2B) . Besides, RT-PCR analysis showed that the expression of GAP-43 mRNA after SE operation increased significantly and achieved the higher at week 2 and week 4 when compared with that detected at week 1 (P < 0.01) (Fig. 2C) . Table 1 . Comparisons of mean attack stages of SRS in the chronic period among groups of control, SE, SE+DMSO and SE+SB. SRS: spontaneous recurrent seizure; SE: status epilepticus; DMSO: dimethylsulfoxide; SB: SB-271046; ** : P < 0.01 critical involvement of HTR6 in MFS development. Nevertheless, treatment of SE rats with SB-271046, PP 2 and PD-98059 could all significantly decrease their MFS degree (P < 0.01). Interestingly, combining SB-271046 with PP 2 or PD-98059 further decreased the MFS scores compared to SE+SB (P < 0.05), and SB + PD significantly blocked MFS in comparison to SB + PP 2 (P < 0.05).
Effects of HTR6 agonist and HTR6/Fyn/ERK1/2 Antagonists on p-ERK1/2 and GAP-43 mRNA expressions
Expressions of Fyn, p-ERK1/2 and GAP-43 were significantly improved after treatment with WAY (P < 0.05), HTR6 (Fig. 5) . Besides, Fyn and p-ERK1/2 expressions were significantly increased after SE operation in comparison to the control group (P < 0.001). Administration of rats with SB-271046, PP 2 , or PD-98059 would significantly decrease their internal p-ERK1/2 expressions (P < 0.01). Additionally, SB-271046 combined with either PP 2 or PD-98059 for SE rats would decrease p-ERK1/2 expressions in comparison to SB alone (P < 0.05), and SB + PD blocked the increased p-ERK1/2 expression more significantly than SB + PP 2 (P < 0.05). GAP-43 mRNA expressions exhibited the same trend as the expressions of p-ERK1/2. Nevertheless, slightly different from p-ERK1/2 and GAP-43, Fyn expressions were not affected by treatment of PD, and Fyn expression of SE+SB+PD group was approximate to that of SE+SB group.
Discussion
Since one-third of seizure patients were refractory to pharmacological therapies [27] , novel treatments aimed at remedying this condition were demanded, and hence exploration of the potential mechanisms leading to seizure should still be underway. It was commonly contended that MFS was able to trigger formations of recurrent excitatory synaptic connections and spontaneous seizures [28] , and the degree of MFS may reflect severity of the stimulated seizures [29, 30] . In consequence, this investigation used MFS to signal seizure, and derived results that hippocampal MFS of pilocarpine-induced chronic epileptic rats was intensified in comparison to that of healthy rats. Besides, MFS became increasingly obvious after SRSs and the decrease in SRSs resulting from HTR6 antagonist (i.e. SB) alleviated the phenomenon of MFS. Thus, we conclude that HTR6 could be involved in the progression of MFS, which was related with recurrent seizures.
Furthermore, it has been documented that increased Fyn expressions would possibly induce activation of ERK1/2 to phosphorylated ERK1/2 (p-ERK1/2) through interacting with the carboxyl-terminal region of HTR6 [31, 32] . ERK1/2 that was highly expressed in the central nervous system could affect the formation of MFS by modulating neurotransmitters, neurotropic factors (e.g. GAP-43) and synaptic remodeling (e.g. axon generation) in epileptic models [33] . For example, epileptiform discharge activated p-ERK1/2 cascade and then boosted GAP-43 expressions in cultured rat hippocampal neurons [18] . In sum, the above findings provided exclusive evidence that HTR6 activated downstream ERK1/2 and GAP-43 via a Fyn-dependent pathway in the pathogenesis of epilepsy.
However, what should not be ignored seemed that Fyn and p-ERK1/2 were controlled by more than 5-HTR6, which could be drawn from the results that the synergic effects of SB and PD or PP 2 on promotion of MFS were obviously larger than the effect of SB alone. According to previous studies, the complex of cellular Prion Protein (PrP C ) and AmyloidBeta peptide (Aβo) could regulate functions of N-methyl-D-aspartate receptor (NMDA-R), thereby contributing much to the pathogenesis of Alzheimer's disease [34] [35] [36] . The modified process that affected synaptic plasticity was hypothesized to proceed through activation of Fyn, which participated in restraining hippocampal long-term potentiation (LTP) and phosphorylation of NMDA-R subunits [37] [38] [39] [40] . Furthermore, Fyn-modified ERK1/2 was also mediated by other upstream molecules, such as c-Src/Yes, in response to actions of angiotensin II (ANG II) [41] . Apart from the direct control of ERK1/2 by Fyn, c-fos that was highly correlated with activation of GAP-43 was also subject to regulation of PKC-controlled ERK1/2 [41] . Hence, although 5-HTR6 was confirmed to develop MFS via regulation of Fyn
